The copolymerization of two pairs of tetra-functional monomers, viz. bis[4(2-hydroxy-3-acryloyloxypropoxy)phenyl] sulphide with divinylbenzene and bis[4(2-hydroxy-3-methacryloyloxypropoxy)phenyl] sulphide with glycidyl methacrylate, was used for the synthesis of highly cross-linked porous microspheres in the presence of the pore-forming diluents, decan-1-ol and toluene. The porous structures of the obtained microspheres in the dry state (from nitrogen adsorption/desorption measurements) and the swollen state (via inverse size exclusion chromatography) were investigated and compared with those of the bis[4(2-hydroxy-3-methacryloyloxypropoxy)phenyl] sulphide and divinylbenzene copolymers studied previously. The swelling properties of the obtained copolymers as well as their thermal properties as studied by DSC and TG analyses were discussed in detail. The texture of the obtained microspheres was visualized by AFM analysis.
INTRODUCTION
Porous polymers have been used in several applications such as HPLC packing (Blondieau et al. 1995; Gawdzik et al. 1998 ), catalysis (Pitois et al. 1999 , enzyme immobilization (Abrol et al. 2007) , as adsorbents (Sobiesiak and Podkościelna 2010), etc. These applications are a consequence of the physicochemical and morphological properties of porous polymers such as their dilution and degree of cross-linking, porosity, pore volume, modification capabilities, thermal resistance, etc. (Gomez et al. 2004) . Polymeric packaging materials, especially the highly popular styrene-divinylbenzene copolymers, seem to offer considerable advantages to silica-based supports and alkyl-bonded phases (Iayadene et al. 1996; . These polymeric sorbents are chemically stable in aqueous solution over the entire pH range, but also have drawbacks associated with the presence of micropores in the polymeric matrix. For this reason, the attention of scientists and producers is now focused on manipulating their porosity. Polymeric materials are becoming increasingly popular because they can be easily modified (Bicak and Labský 1997; Bicak et al. 2003; Tank and Gupta 2007) .
Because methacrylate polymers are characterized by properties such as a high resistance to moisture, heat and chemical agents, as well as possessing good porous properties, we have used them to prepare porous polymers in the form of microspheres (Jabĺońska-Pikus et al. 2004; Podkościelna and Gawdzik 2010; Podkościelna and Worzakowska 2010) .
This article describes the porous microspheres obtained from the reaction of the tetrafunctional monomers bis[4(2-hydroxy-3-acryloyloxypropoxy)phenyl]sulphide (BES.DA) and bis[4(2-hydroxy-3-methacryloyloxypropoxy)phenyl]sulphide (BES.DM) with divinylbenzene Skłodowskiej Skłodowska * E-mail: beatapod@poczta.umcs.lublin.pl.
(DVB) and glycidyl methacrylate (GMA) to yield BES.DA-DVB and BES.DM-GMA, respectively. Porous microspheres were obtained from suspension/emulsion copolymerization in the presence of pore-forming diluents, viz. toluene and decan-1-ol, using α,α´-azoisobisbutyronitrile (AIBN) as an initiator. Constant concentrations of toluene admixed with decan-1-ol (1:1, w/w) were used in the synthesis. The porous structures of the obtained microspheres under dry conditions (as calculated by the BET method from nitrogen adsorption/desorption measurements) and in a swollen condition (using inverse size exclusion chromatography) were studied and compared with those of the copolymers of bis[4(2-hydroxy-3-methacryloyloxypropoxy)phenyl]sulphide and divinylbenzene (BES.DM-DVB) previously studied (Podkościelna et al. 2009 ). The swelling properties of the copolymers obtained as well as their thermal properties as studied by differential scanning calorimetry (DSC) and thermogravimetric analysis (TG) are discussed in detail. The surface texture of the obtained microspheres was characterized using atomic force microscopy (AFM).
EXPERIMENTAL

Chemicals and eluents
Glycidyl methacrylate, decan-1-ol, tetrahydrofuran (THF) and the sodium salt of bis(2-ethylhexyl)sulphosuccinate (DAC, BP) were supplied by Fluka AG (Buchs, Switzerland). α,α´-Azoisobisbutyronitrile (AIBN) and divinylbenzene (DVB) (62.2% 1,4-divinylbenzene, 0.2% 1,2-divinylbenzene and ethylvinylbenzene) were obtained from Merck (Darmstadt, Germany). DVB was washed with a 3% aqueous solution of sodium hydroxide before use. Reagent grade acetone, methanol, propan-2-ol, chlorobenzene, chloroform, hexane, toluene, methyl methylene and 1, 4-dioxane were from POCh (Gliwice, Poland). Bis[4(2-hydroxy-3-acryloyloxypropoxy)phenyl]sulphide (BES.DA) and bis[4(2hydroxy-3-methacryloyloxypropoxy)phenyl]sulphide (BES.DM) were obtained by the procedure described in our previous work (Podkościelna et al. 2009 ).
Synthesis of copolymers
Copolymers containing BES.DA-DVB, BES.DM-DVB and BES.DM-GMA were obtained via a suspension/emulsion copolymerization procedure . The synthesis was carried out in a three-necked flask equipped with a stirrer, a water condenser and a thermometer. The initiator (AIBN; 1.5 wt% relative to the monomers) was dissolved in the mixture of monomers (taken in 1:1 proportion) and diluents (toluene/decan-1-ol mixture, 1:1 w/w). The selection of solvents and their proportions was based on experimental results obtained previously (Podkościelna 2011a). The dispersion medium was prepared by the dissolution of 1 wt% of the sodium salt of bis(2-ethylhexyl)sulphosuccinate (DAC, BP) in de-ionized water and was used in a 1:5 (w/w) ratio relative to the organic phase. The reaction mixture was stirred at 600 rpm for 18 h at 80 °C. The synthesis parameters are summarized in Table 1 . After cooling, a washing procedure was applied to remove the diluents and unreacted monomers from the products. Thus, the copolymers obtained were washed with distilled water, filtered off, dried and extracted twice in a Soxhlet apparatus employing boiling acetone and methanol. The uniform particles (ca. 10 µm diameter) used in further studies were isolated by sedimentation from acetone/methanol (90:10, v/v). The screening procedure was controlled by microscopic examination.
Thermal analysis
Calorimetric measurements were carried out on a Netzsch DSC 204 calorimeter (Selb, Germany) operating in a dynamic mode. The dynamic scans at two temperatures were performed at a heating rate of 10 °C/min. The first scan to remove any absorbed moisture was undertaken over the temperature range from 20 °C to a maximum of 110 °C. The second scan was conducted over the range 20-500 °C under a nitrogen atmosphere (flow rate = 30 m /min). In all cases, the sample mass was ca. 10 mg. An empty aluminium crucible was employed as a reference in such measurements. The exothermic peak temperature (T e ), decomposition temperature (T d ) and enthalpy of decomposition (∆H d ) were evaluated.
Thermogravimetric analysis (TG) was carried out using a Paulik & Erdey derivatograph (Budapest, Hungary) at a heating rate of 10 °C/min in air over the temperature range 20-1000 °C employing a sample weight of 100 mg with α-Al 2 O 3 as a reference. The initial decomposition temperature (IDT), 20% weight loss temperature (T 20% ), 50% weight loss temperature (T 50% ), final decomposition temperature (T end ) and the temperature of the maximum rate of weight loss (T max ) were all determined.
The beads were also examined using an atomic force microscope (AFM) (AFM Nanoscope III, Digital Instruments, U.S.A.) operating in the contact mode. The images presented in this article contain 512 × 512 data points which were obtained within a few seconds. The typical force applied to obtain these images ranged from 1.0 to 100 nN.
Chromatographic measurements
The retention volumes of toluene, alkylphenones, phthalates and polystyrene standards were determined using a Hewlett-Packard HP-1050 liquid chromatograph equipped with a diode array UV detector, a Rheodyne 7125 injection valve with a 20 µ sample loop and columns packed with the copolymers. THF was employed as the mobile phase at a flow rate of 1 m /min in the inverse size exclusion chromatography (inverse SEC) measurements. The columns (100 mm × 4.1 mm i.d.) were packed according to the procedure described previously (Gawdzik et al. 1988) . Each substance was injected separately as a 0.1% (v/v) solution in THF. The retention volumes listed were always the mean value of three determinations.
Porous structure characterization
In the dry state, the porous structures of the copolymers were characterized by nitrogen adsorption measurements at -196 °C using an ASAP 2405 adsorption analyzer (Micrometrics Inc., Norcross, GA, U.S.A.). Before such measurements, the copolymers were outgassed for 2 h at 150 °C. Specific surface areas were calculated by the BET method, assuming that the area of a single nitrogen molecule in the adsorbed state is 16.2 Å 2 . Pore volumes and pore-size distributions were determined by the BJH method. In the swollen state, the beads were characterized by inverse size exclusion chromatography (inverse SEC) as introduced by Halász and Martin (1975) . The main assumption in this method is that, in a good solvent, coiled chains of macromolecules are formed whose diameters correspond to the polymer molecular weights. The diameter of the probe molecules (Φ, Å) was calculated from the equation (Nevejans and Verzele 1985) :
where M w is the gram molecular weight of the probe. The diameter of the probe molecule was associated with a pore diameter (Φ) which corresponded to the smallest pore allowing unhindered access for a probe of a given molecular weight. In the present studies, toluene, alkylphenones, phthalates and polystyrenes were used as pore-size probes (Gawdzik 1991; Gawdzik and Osypiuk 2001) .
The method of Nevejans and Verzele (1985) was used to determine the cumulative pore-size distribution from the plot 1 -K 0SEC versus log φ (where φ is the diameter of the probe molecule in Å, corresponding to the smallest pore to which the probe molecule has unhindered access, where V R is the retention volume of the probe, V 0 is the interstitial volume which is equal to the retention volume of a totally excluded molecule, V i is the retention volume of a totally included molecule and V p = V i -V 0 is the pore volume. Tuncel and Pişkin (1996) and Kesenci et al. (1996) proposed that the swellability coefficient, B, be determined by equilibrium swelling in acetone, methanol, 1,4-dioxane, dichloromethane, isopropanol and n-heptane using the centrifugation method. The swellability coefficient, B, may be expressed as:
where V s is the volume of the copolymer after swelling and V d is the volume of the dry copolymer. Figure 1 presents the structure of the aromatic di(meth)acrylate monomer derivatives of bis(4-hydroxyphenyl)sulphide and the structures of the co-monomers GMA and DVB used in the copolymerization reactions. The experimental parameters employed in the syntheses of the studied copolymers are listed in Table 1 above. The derivatives of bis(4-hydroxyphenyl)sulphide (BES.DA and BES.DM) were tetra-functional aromatic monomers (i.e. capable of creating four bonds) since their chemical structures contained two double bonds. The co-monomers had different functionalities: DVB was tetra-functional whereas only one double bond existed in the chemical structure of GMA. The oxirane ring present in the structure of GMA remained unreacted after polymerization. The HCl/dioxane method was used to determine the number of epoxy groups, with the epoxide content being calculated from the difference between a blank and that found for the titration of the sample reaction mixture. The microspheres were obtained by polymerizing BES.DM and GMA (monomer molar ratio = 1:1) containing an epoxy group concentration in the range 1.37-1.40 mmol/g (Podkościelna 2011a). Figure 2 presents the pore-size distributions for the obtained copolymers as determined by the BJH method. Of these, BES.DA-DVB had the narrowest pore-size distribution with the most probable pores being ca. 200 Å in diameter. In addition, BES.DM-GMA exhibited a single peak at a pore size of ca. 350 Å. The copolymer BES.DM-DVB possessed a very wide pore-size distribution and the largest specific surface area (163 m 2 /g). In comparison to BES.DM-DVB, both copolymers were characeterized by a monodisperse pore-size distribution. The porous structures of these copolymers were also studied by inverse SEC. Thus, employing the data summarized in Table 2 , the pore volumes, micropore volumes and pore-size distributions of these samples were calculated (Nevejans and Verzele 1987) . The corresponding values are presented overleaf in Table 3 where a comparison between the surface parameters obtained by the BET method and the inverse SEC method is presented. The pore volumes determined by the inverse SEC method were significantly larger for all the studied copolymers. In addition, the inverse SEC method revealed the presence of micropores in the internal structures of the polymeric beads. The contributions of such micropores within the entire pore volumes varied within the range 20-30%. Their presence is clearly visible in Figure 3 below which shows the pore-size distribution curves obtained from the inverse SEC method for the studied copolymers. 
RESULTS AND DISCUSSION
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Thermal properties
The thermal properties of the BES.DM-GMA, BES.DA-DVB and BES.DM-DVB copolymers were studied by DSC and TG analysis methods. DSC was performed in a nitrogen atmosphere over the temperature range 20-500 °C, while thermogravimetric analysis (TG) was conducted in air over the temperature range 20-1000 °C. The values of the characteristic temperatures T 1 and T d together with the decomposition enthalpy (∆H d ) are listed in Table 4 . DSC analysis showed that the thermal behaviour of all the prepared copolymers was similar. Thus, all exhibited characteristic, well-shaped calorimetric profiles revealing two non-distributed asymmetrical peaks. The first exothermic peak (T 1 ) observed at 395.6-396.8 o C may be attributed to the copolymerization of the additional double bond. The endothermic peaks (T d ) at 416.4-422.3 °C with ∆H d values from 20.2 J/g to 73.5 J/g were connected with the thermal degradation of crosslinked microspheres. In general, the copolymers were characterized by a rather high thermal stability (Podkościelna et al. 2010b; Podkościelna 2011b) . These observations were confirmed by TG analysis, the corresponding TG data being listed below in Table 5 . The initial decomposition temperatures (IDT) for all the copolymers ranged from 220 o C to 280 o C, while the final decomposition temperatures (T end ) were in the range 680-800 o C. The DTG curves contained two or three (in the case of the copolymer BES.DM-GMA) separate degradation steps. The maximum of the first decomposition peak (T max1 ) observed at 220 °C may be related to the degradation of the linear fragments of poly(GMA). The second decomposition stage (T max2 ) occurred at 345-370 o C while the third decomposition stage (T max3 ) was observed at 560-600 o C. The second decomposition peak corresponds to the breakdown of ester bonds in the copolymers, whereas the third decomposition peak may be attributed to the total degradation of the copolymers.
The results obtained from the DSC and TG data indicate that the highest thermal resistance was exhibited by the copolymer BES.DA-DVB which had the most cross-linked chemical structure (Worzakowska 2009). The decomposition of cross-linked polymers proceeded in a similar fashion in both nitrogen and air atmospheres. However, a significantly lower thermal resistance was exhibited by the BES.DM-GMA copolymer. This was probably due to the large contribution of non-aromatic glycidyl methacrylate fragments of high elasticity in the structure of this copolymer.
Swelling studies
To investigate the swelling behaviours of the BES.DM-GMA, BES.DA-DVB and BES.DM-DVB copolymers more precisely, the microspheres were swollen in acetone, methanol, THF, dichloromethane and hexane, respectively. The values of the swellability coefficients thereby obtained are summarized in Table 6 . The data listed indicate that the swellability coefficients in all polar solvents varied from 16% to 40%. Such behaviour may be attributed to the polar functional groups present in the chemical structures of the copolymers. In non-polar hexane, all the copolymers exhibited negligible swelling. The largest swellability coefficient in THF was observed for the BES.DM-GMA copolymer. This copolymer possessed the smallest degree of cross-linking and the most flexible network. In addition, epoxy groups capable of specific interactions were present on its surface. In acetone and methanol, the BES.DM-GMA copolymer exhibited greater swellability than BES.DA-DVB, but both swelled to a lesser extent than the BES.DM-DVB copolymer. 
AFM studies
AFM is a powerful and popular tool for the study of surface topography because it provides highresolution, three-dimensional images without any sample pre-treatment and possible damage to the sample surface (Seo 2004) . The aim of the AFM analysis undertaken in the present work was the visualization of a fragment of the surface of the obtained microspheres. The surface texture of the studied copolymers is depicted overleaf in Figure 4 where the contact-mode AFM images of the obtained materials (three-dimensional space) are shown as three photographs. Photograph (a) shows a fragment of the surface of the studied copolymer BES.DM-GMA, (b) presents BES.DA-DVB and (c) presents BES.DM-DVB. The magnification of all the photographs is 135,000×. The developed structure of all the microspheres is clearly visible in all these photographs. From a relative point of view, the greatest heterogeneity was exhibited by the copolymer BES.DM-DVB.
CONCLUSIONS
The porous structures and the thermal properties of the highly cross-linked BES.DA-DVB, BES.DM-GMA and BES.DM-DVB copolymers are described. The copolymer BES.DA-DVB exhibited the narrowest pore-size distribution with pores of ca. 200 Å in diameter (as calculated by the BET method from the nitrogen adsorption/desorption isotherms). Compared with the copolymer BES.DM-DVB, both materials were characterized by a monodisperse pore-size distribution. The porous structure of these copolymers was also studied by the inverse SEC method. The pore volumes determined in this manner were significantly larger for all the studied copolymers. In addition, the inverse SEC method revealed micropores in the internal structures of the polymeric beads. The results obtained from the DSC and TG data indicate that the highest thermal resistance was exhibited by BES.DA-DVB which had the most cross-linked chemical structure. The swelling behaviours of the microspheres were examined by allowing them to swell in typical solvents. For all polar solvents, the swellability coefficients varied from 16% to 40%. The largest swellability coefficient in THF was observed for the BES.DM-GMA copolymer. 
